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8    T.-M. Shih et al.

1 min, as pro-2-PAM was in this current study, after nerve 
agent challenge. Moreover, treatment with MINA could be 
delayed for up to 40 min after seizure activity was initiated by 
any of these three nerve agents, and seizures could be stopped 
in a similar fashion as if an anti-convulsant drug had been 
given (McDonough et al. 2009; Shih et al. 2010a).

At doses ≥ 43.0 mg/kg, pro-2-PAM shows signs of toxicity 
in guinea pigs. This oxime was tested up to doses of 50.0 mg/
kg in the reactivation study, but all animals died less than 
25 min after administration (data not shown). In the seizure 
study, animals treated with the 43.0 mg/kg dose died in a 
similar time-frame, while animals treated with lower doses 
survived for much longer times. These observations are in 
agreement with Clement (1979), who found that at doses of 
40.0–80.0 mg/kg of pro-2-PAM alone, the animals (guinea 
pigs) became lethargic, developed tremors, and then died of 
respiratory failure. Signs similar to these were observed in this 
experiment. The mechanism of this toxicity is unknown. Since 
doses of 25–35 mg/kg pro-2-PAM provided the greatest brain 
reactivation and the most robust protection against seizures, 

a relatively narrow safety margin is indicated between thera-
peutic and toxic doses. Based on the results of this study, 
pro-2-PAM may not be an effective treatment for chemical 
warfare nerve agent poisoning, but it may have therapeutic 
value in DFP poisoning, as reported by other studies (Shek 
et al. 1976b; Rump et al. 1978; Clement 1979; Kenley et al. 
1982; DeMar et al. 2010).

In summary, pro-2-PAM produced at best only a moder-
ate amount of reactivation of sarin- and VX-inhibited AChE 
in the CNS, prevented seizures and neuropathology, and 
alleviated behavior deficits in some animals challenged with 
sarin and VX. Pro-2-PAM produced 9–25% reactivation of 
cyclosarin-inhibited ChE in blood, heart, and spinal cord, but 
no reactivation in brain or muscle tissues, and was unable 
to control cyclosarin-induced seizures. Although pro-2-PAM 
showed some capacity to reactivate AChE in the CNS and 
prevent seizures following selected nerve agent intoxication, 
its moderate reactivation rate and toxicity would appear to 
limit its usefulness as a ChE reactivator for OP nerve agent 
intoxication.

Figure 2.  Representative micrographs of neuronal damage in CA1 hippocampus (A–D), basolateral (BL) amygdalae (E–H), piriform cortex (I–L) and 
striatum (M–P). Control brain sections showed normal neuronal morphology with a well-defined nucleus and centrally located nucleolus (black arrows) 
in (A) CA1, (E) BL amygdala, (I) piriform cortex, and (M) striatum. Although animals that received pro-2-PAM at 1 min after VX or sarin and that had 
their seizures spontaneously terminated exhibited no overt neuropathology, morphologically altered neurons with shrinking cell bodies were evident 
(blue arrows) in (B), (F), (J), and (N). Sarin- and VX-exposed animals that continued to seize after pro-2-PAM treatment displayed severe brain damage 
characterized by necrotic neurons (yellow arrows) and prominent vacuolar degeneration (green arrows) in CA1 (C, sarin; d, VX), BL amygdala (G, sarin; 
H,- VX), piriform cortex (K, sarin; L, VX) and striatum (O, sarin; P, VX). Magnification 200×.
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